A lthough dual-energy CT (DECT) was first conceived in 1976, it has not been used widely for clinical indications (1-11). Recently, the simultaneous acquisition of dual-energy data has been introduced using multidetector CT (MDCT) with two X-ray tubes and rapid peak kilovoltage (kVp) switching (gemstone spectral imaging, GSI) (12-16). Two major advantages of DECT are material decomposition by the almost simultaneous acquisition of two image series with different kVp (80 and 140 kVp) and the elimination of misregistration artifacts. In general, noncontrast (unenhanced) images can be avoided by using the dual-energy mode for body and neurological applications; iodine can be removed from the image, and a virtual non-contrast (water) image can be acquired. The major advantage of 80-kVp compared to 140-kVp images is a higher image contrast (Fig. 1) . Hounsfield unit measurements on DECT are not absolute and can change depending on the kVp used for the acquisition (at different keV). Typically, a combination of 80/140 kVp is used for DECT, but for some applications, 100/140 kVp is preferred. In this study, we summarized the clinical applications of DECT in the brain, chest and abdomen and in the cardiovascular and musculoskeletal systems (Table 1) .
allows the separation of iodine from the image, and virtual, unenhanced (water) and iodine map images can be obtained easily.
Using dual-source CT, 2 datasets (80 and 140 kVp) are loaded on the workstation, and virtual non-contrast, iodine map, and mixed (with adjustable blending of 80 and 140-kVp data) images can be obtained (Fig. 2) (19, 20) . Using 64-MDCT with fast kVp switching, the GSI dataset is loaded on the workstation, and water (virtual non-contrast), iodine, and monochromatic images in addition to spectral data can be obtained using the desired kiloelectron voltage (from 40 to 140 keV) (Fig. 3) .
Using dual-source CT, 1-mm rather than 0.625-mm collimation can be used to decrease the noise. Alternatively, a combination of 140/100 kVp rather than 140/80 kVp can be used (21) . The second generation dual-source CT (128-slice CT) has a wider field of view (FOV, 33 vs. 26 cm), and a tin filter is used to filter the high-energy spectrum and to increase the image contrast (14, 21, 22) . After the addition of a tin filter, it has been proposed that DECT acqui- (12, 14) .
Potential clinical applications

Neuroradiological applications
Neurological applications permit the generation of virtual non-contrast images for the detection of brain hemorrhages in patients who undergo contrast-enhanced CT angiography (CTA). They also allow the removal of bone and calcium from the carotid and brain CTA (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) .
It is possible to detect a brain hemorrhage on virtual non-contrast images (Fig. 4) , and Gupta et al. (23) have reported sensitivity, specificity and accuracy values of >90% for the detection of a hemorrhage on contrast-enhanced CT images that were acquired from 18 patients using dual-energy. Ferda et al. (24) have used the same technique and reported similar findings in 25 patients, but the contrast-to-noise ratio of the virtual non-contrast images was lower than that of conventional noncontrast images. In addition, the use of virtual non-contrast images has been reported for the diagnosis of a lipiodol embolism after hepatocellular carcinoma chemoembolization (25) . Several articles have compared dualenergy bone removal to automatic bone removal and digital subtraction CTA, and the dual-energy technique was found to be superior to both techniques, particularly at the level of the skull base (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . In addition, the radiation dose was reduced as compared to digital subtraction CTA (26, 27, 31) . The removal of calcium from the carotid artery using dual-energy methods may lead to an overestimation of the degree of stenosis when compared to DSA (29) . Newer dual-source MDCTs with a 33-cm FOV that generate 100 and 140 kVp images may provide better vessel integrity and image quality at the level of the shoulder (33).
Thorax applications
The major advantages of DECT in thoracic applications are a lack of misregistration and visualization of the lung perfusion and ventilation . Misregistration is avoided due to the simultaneous acquisition of 80 and 140 kVp images. In patients with pulmonary thromboembolism, DECT may allow the detection of subtle emboli by revealing perfusion defects (Fig.  5) . Several articles have assessed the role of DECT in the diagnosis of pulmonary thromboembolism (37) (38) (39) (40) (41) (42) (43) (44) . Krisska et al. (40) obtained a high negative predictive value by using perfusion images. Chae et al. (41) proposed a perfusion defect score that demonstrated a good correlation to the right ventricle/left ventricle diameter ratio and the CTA obstruction score. In addition, an assessment of the lung perfusion can allow the visualization of pathologies that have been previously unknown, particularly in patients with interstitial lung disease, emphysema, asthma, or chronic thromboembolic disease and in patients with tumors (45) (46) (47) (48) (49) (50) . Recently, the introduction of Xenon DECT enabled the collection of ventilation-perfusion CT acquisitions, and in the future, it may replace ventilationperfusion scintigraphy (51-54). Ferda et al. (55) have reported the use of perfusion and minimum intensity projection (minIP) images for the assessment of iodine and air distributions. The superior registration of DECT may demonstrate the presence or lack of enhancement of sub-centimeter and solitary lung nodules ( Fig. 6 ) (56, 57). Schenzle et al. (21) have reported that dual-energy methods for the thorax are feasible without the additional radiation dose provided by dual-source CT. A change of the collimation from 0.6 to 1.2 mm is required to achieve dose neutrality for the 140/80-kVp combi- nation without a tin filter; however, this procedure is not needed for the 140/100-kVp combination with a tin filter (19) .
Cardiac applications
Clinical applications of cardiac DECT have been described for dual-energy perfusion with or without the adenosine stress test, viability imaging and cardiac iron detection (6, 58-67) (Fig.   7 ). To decrease the image noise for cardiac applications, 100 and 140-kVp acquisitions are preferred (59, 60) . The addition of an iterative reconstruction technique may allow a better image quality for cardiac applications. Ruzsics et al. (61) were the first to describe the combination of dual-energy cardiac perfusion and coronary CTA. The authors used this technique to diagnose coronary artery stenosis and myocardial ischemia. In addition, DECT together with an adenosine stress test has been recently described (62, 63) . The acquisition of dual-energy cardiac perfusion combined with coronary CT images can be difficult in patients with elevated heart rates due to a worsening of the temporal resolution from 83 to 165 ms in the dual-source CT (64) . Therefore, dual-energy technique is preferred in patients with low heart rates (<65 bpm). 
b a
The detection of acute myocardial infarction has been investigated in a canine model using DECT, and a sensitivity and specificity of 92% and 80%, respectively, were obtained by comparing the iodine map images with the results obtained via a histopathological analysis (66). Bauer et al. (65) have used late enhancement DECT to identify chronic myocardial infarction areas and viability and compared the results to those obtained using 3T MRI. They reported a sensitivity of 77%, a specificity of 97%, a positive predictive value of 85%, a negative predictive value of 96% and an accuracy of 94% for the detection of myocardial scarring (65) .
Several articles have assessed the role of DECT for the characterization of plaques, for calcific plaque removal from coronary arteries and for the evaluation of coronary stents in in vitro and ex vivo settings (68-72). Tanami et al. (68) have reported that lower energy settings with a dual-energy method demonstrate a superior diagnostic performance for plaque characterization in an ex vivo setting.
Cardiac iron can be detected by DECT, and therefore, this technique could be useful for patients who cannot undergo cardiac MRI due to claustrophobia or other contraindications (Fig. 8) (67) .
Vascular applications
Aortic stent grafting is being used increasingly for aortic aneurysms, and the imaging protocol consists of unenhanced, arterial and venous phase images. This protocol exposes the patient to a high radiation burden because it is repeated every six months. The dual-energy aortic stent graft protocol may obviate the need for unenhanced CT, and iodine map images may facilitate the recognition of endoleaks (73) (74) (75) (76) (77) .
The precise removal of calcium from arteries can facilitate a better evaluation of atherosclerotic arteries (78) . A dualenergy data acquisition can permit the faster removal of calcific plaques in large arteries and bony structures in the cranial region (Fig. 9) . However, the use of this technique appears to be difficult for small-sized arteries. Dualenergy-based bone removal and calcium removal techniques have been used for lower extremity CTA, but thus far, no study has demonstrated any advantage of dual-energy CTA for peripheral artery applications (79) (80) (81) (82) (83) (84) . An increase of the radiation dose, noise and sub-centimeter diameter of the distal peripheral arteries are limitations for dual-energy peripheral CT angiography that may be solved by high-resolution dual-energy acquisitions combined with iterative reconstruction and spectral filtering. DECT has been reported to improve the in vitro differentiation between soft tissues that are present in plaques; however, further studies are needed for confirmation of these results (85) .
Gastrointestinal and abdominal applications
The use of dual-energy has revealed that 80-kVp images demonstrate a better image contrast than do 140-kVp images (15, 20, (86) (87) (88) . This phenomenon appears to be useful for the evaluation of enhanced liver lesions in the arterial phase in hepatocellular carcinoma and in hypervascular liver metastases. (89) found that 80-kVp images were superior for of the distinction of metastases and normal liver tissue. However, there is a role for iterative reconstruc- (91) used a different weighting factor for blended or mixed images, and they found that linear blending methods with a low level and a high width were the most useful for the detection of hepatocellular carcinoma.
The elimination of unenhanced CT images can be an advantage of DECT. Zhang et al. (92) recently reported that the avoidance of non-contrast CT in a multiphasic CT protocol might reduce the radiation dose. De Cecco et al. (93) reported similar findings, but they stated that an optimal virtual non-contrast image was only possible in patients with a low BMI.
DECT has been used for the diagnosis of liver iron and fat, which display opposite spectral patterns (6, 86, 94) . The measured density of a liver increases with decreasing kVp and KeV in patients with hepatic iron overload, but the measured density of a liver decreases with decreasing kVp and KeV in patients with steatosis (Fig. 10) . Dual-energy cholangiography has been described, and it may facilitate the detection of bile ducts and the measurement of biliary segment dimensions (86, 95) . In vitro studies have been performed to characterize the dual-energy of gallstones, and a similar protocol may be used for patients with biliary dilatation and a suspected choleduct stone (86, 96, 97 ).
The use of 80-kVp data obtained by DECT may permit a better distinction of pancreatic adenocarcinoma from the adjacent normal parenchyma by increasing the conspicuity of the masses (98, 99) .
DECT colonoscopy
Karcaaltincaba et al. (100) were the first group to describe a DECT colonoscopy technique that has the potential to obviate non-contrast prone images from diagnostic CT colonoscopy protocols. Colonic polyps and masses are enhanced approximately 40-50 HU on post-contrast images. Thus, the enhancement of colonic masses can be differentiated from stool through the use of iodine DECT images, and non- cathartic DECT colonoscopy may be feasible, especially in elderly patients (Fig. 11) . DECT may also be used for spectral electronic cleansing in reduced catharsis CT colonoscopy (101) .
Urinary applications
Urinary system applications include the diagnosis of uric acid and cystine stones, the detection of urinary stones in contrast-enhanced CT studies and the characterization of renal masses and cysts (Fig. 12) (102-117) .
Dual-energy data can be used to characterize urinary stones. Using in vitro and in vivo settings, several articles on this topic have yielded promising results regarding the differentiation of uric acid stones from calcium stones (102-111). However, a major disadvantage of this technique is an increased dose of radiation in comparison to the standard protocol. We believe that the use of this technique is justified only for the characterization of urinary stones. Therefore, the standard protocol should be used to detect stones, and if necessary, limited scanning at the stone location in dual-energy mode can facilitate the characterization of a stone without Fig. 10. a-c . Axial DECT image (a) acquired using gemstone spectral imaging without contrast administration shows the quantification of steatosis by the dual-energy methods. The spectral pattern of the steatotic (pink) area and hypersteatotic (green) area can be differentiated according to the mean Hounsfield unit values. The spectral pattern of the spared (blue) normal liver is reversed and reaches 65 H at 40 keV. Axial out-of-phase MRI at the same level confirms the findings obtained using DECT (b). Axial DECT image acquired using gemstone spectral imaging shows an increased density of the liver in the lower keV spectrum (reaching 120 HU at 40 keV), which is consistent with iron deposition (c). Note that the spectral curves for the normal liver and the liver with iron deposition are similar, but the mean HU values in the latter are higher. b a c a significant radiation burden to the patient. The addition of a spectral filter to the dual-source CT did not improve the subgroup characterization of calcium-containing stones (110, 111) . Furthermore, dual-energy techniques have been used for the diagnosis of renal stones on CT pyelography images through the use of virtual non-contrast images; however, this technique is limited for the diagnosis of small (<2 mm) renal stones (112, 113) .
Graser et al. (114, 115) have published two studies using first and second-generation dual-source CTs to assess the role of renal mass characterization with the dual-energy method. In these studies, the omission of a non-contrast CT could result in a 35% (first generation) and a 50% (second generation) reduction of the radiation dose. In the latter study, they reported an accuracy of 95% for the single-phase DECT protocol in comparison to a correlative accuracy value of 96% for the dual-phase renal mass CT protocol (115) . Similar findings have been reported by Leschka et al. and Brown et al. (116, 117) in phantom models. Recently, the possibility of differentiating renal proxies that contain protein, blood and iodine has been reported (118) .
Adrenal gland applications
Gupta et al. (119) have reported the application of DECT to characterize adrenal nodules (Fig. 12) . A decrease in attenuation at 80 kVp resulted in a diagnosis of adrenal adenoma with a sensitivity of 50%, a specificity of 100%, a positive predictive value of 100% and a negative predictive value of 28%.
Musculoskeletal applications
The most useful musculoskeletal system application of dual-energy is the differentiation of gout and pseuodgout via the diagnosis of uric acid and calcium crystals in the joint space (120) (121) (122) . Tendon and ligament visualization has been proposed by CT vendors, but few studies have evaluated this application ( Fig. 13 ) (123) (124) (125) . CT artrography using the dual-energy technique has also been described (126) . Metal artifact reduction has been proposed for the fast kVp switching technique, which employs images with a low keV. Pache et al. (127) have used DECT to subtract calcium from bone. They attempted to assess the bone marrow and suggested that this technique might be useful for the visualization of post-traumatic bone bruises of the knee.
Limitations of dual-energy MDCT
The major limitations of DECT are restrictions of the field of view (with dual-source CT), high radiation dose, noise in the 80-kVp images and the evaluation of patients with a high BMI. Studies of the dual-source CT with a 26-cm FOV revealed a higher radiation dose in comparison to single-energy acquisitions (<30%) (100, 128) . The addition of a tin filter has been suggested to decrease the radiation dose, and Schenzle et al. (21) have reported that the application of DECT with a tin filter can be performed without an additional dose of radiation, as compared to single-energy acquisitions. However, these findings must be confirmed in future studies. Ho et al. (16) have measured the radiation dose of dual-energy (with fast kVp switching) and singleenergy MDCT using abdominal imaging protocols. The effective dose ranges from 22.5 to 36.4 mSv and from 9.4 to 13.8 mSv for DECT and single-energy CT imaging, respectively. An increased radiation dose can be justified when unenhanced CT images are eliminated from the CT protocols, which may result in an overall radiation dose saving (92, 93, 105, 106) . Beam-hardening artifacts can be observed in thorax perfusion DECT due to the dense contrast in the superior vena cava, which can mimic an embolus. These artifacts can be minimized by the use of saline flushing and caudo-cranial scanning (129). 
Future prospects DECT as an alternative to PET-CT
Although PET-CT is a commonly used technique, in particular for tumor staging, a variety of difficulties limits the usefulness of this technique. Misregistration is a significant issue in PET-CT. The duration of the PET portion of a PET-CT study is longer (30-40 min) than that of the CT portion (<1 min). Therefore, PET images are acquired during free breathing, and CT images are acquired within a single breath hold. Misregistration limits the usefulness of PET-CT for the detection of small lesions, particularly in the lungs. In contrast, DECT enables perfect registration due to the almost simultaneous acquisition of 80-and 140-kVp data, which are not affected by breathing and movement artifacts. PET-CT is an excellent tool for the demonstration of glucose metabolism, which is extremely useful in oncologic imaging. However, post-operative changes, post-radiation changes, granulomatous reactions, intense inflammation and infection can cause glucose hypermetabolism, which may mimic a tumor on PET-CT images. Angiogenesis is another important feature of cancer cells that can be demonstrated by MR or CT perfusion. DECT imaging provides iodine maps that have the potential to allow an objective determination of contrast enhancement or iodine uptake independently of the anatomic background (Fig. 14) . This feature may facilitate an increased detection of lesions due to better contrast detection, which can be displayed on maximum intensity projection (MIP) and colorcoded images in a manner similar to PET-CT images. In addition, iodine maps may be used for the objective assessment of disease activity, especially in patients who have undergone a targeted antitumor treatment.
Conclusion
Volumetric DECT acquisition enables the emergence of new applications with potential benefits. The major advantages of DECT are material decomposition, the separation of iodine from the image and the prevention of misregistration, particularly in the thorax and abdomen. However, in patients with a high BMI, noise constraints may result in a suboptimal image quality. The use of iterative reconstruction techniques can facilitate the wider use of DECT applications by decreasing the noise and the radiation dose. These technologies may eventually lead to the better detection and characterization of lesions in the body and an objective evaluation of iodine uptake by various organs (e.g., heart, lung, liver, kidney, intestine). Computer-aided detection algorithms can be developed for this purpose.
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